The re-use of winery wastewater for irrigation was investigated in a field trial with micro-sprinklerirrigated Cabernet Sauvignon/99 Richter in the Breede River Valley region of South Africa. Irrigation with winery wastewater diluted with river water to 100, 250, 500, 1 000, 1 500, 2 000, 2 500 and 3 000 mg/L chemical oxygen demand (COD) was compared to irrigation with river water. No trends were found in soil pH (KCl) and electrical conductivity of the saturated soil extract (EC e ) that were related to the different levels of dilution. However, EC e was considerably higher after the application of diluted winery wastewater irrigations compared to EC e at bud break. This suggests an accumulation of salts from the diluted winery wastewater. Under the prevailing conditions, soil K + and Na + increased with a decrease in the dilution of the winery wastewater. Increases in K + could have a negative impact on wine colour stability should potassium be taken up by the grapevine in sufficient quantities, particularly if soil K + accumulates to such an extent that it is luxuriously absorbed by grapevines. There were no consistent trends with regard to soil organic C, which indicates that there was too little organic material in the wastewater to have had a positive effect on soil fertility. Furthermore, organic material in the wastewater probably oxidised when the soil was aerated between irrigations. Although irrigation with diluted winery wastewater had almost no other effects, element accumulation, particularly with respect to K + and Na +
INTRODUCTION
During the grape harvest period, wineries produce large volumes of low-quality wastewater that can contain high levels of K + and Na + . The chemical status of this water is generally worse than the legislated limits for irrigation with wastewater (Department of Water Affairs, 2013) . Information on actual volumes of wastewater generated by wineries is extremely limited. The management of winery wastewater by re-using it for crop irrigation was recently reviewed by Howell and Myburgh (2018) . A brief summary is as follows: Medium to large wineries generate more than 15 000 m 3 of wastewater annually, whereas small wineries generate less than 15 000 m 3 annually (Van Schoor, 2005 and references therein). It is estimated that c. 3 to 5 m 3 of winery wastewater, with a high organic load and variable salinity and nutrient levels, is produced per tonne of grapes crushed (Mosse et al., 2011) . On the other hand, limited irrigation water supplies could be further restricted in future allocations of irrigation water (Van Zyl & Weber, 1981; Petrie et al., 2004) . If winery wastewater could be re-used to irrigate vineyards, with no detrimental impacts on soil chemical status, it could be a viable alternative to using water abstracted from natural resources.
Currently, the Department of Water and Sanitation is drafting new General Authorisations for wineries. Depending on the permitted water quality limits and volumes stipulated by the new authorisations, diluting winery wastewater with irrigation water may well become a more viable practice in the future. Re-using winery wastewater in this way will be beneficial, particularly where there are water shortages. In such situations, re-using winery wastewater will have a positive impact on grape yields if additional irrigation can be applied. Water saving and higher yields will also contribute to the sustainability and economic viability of wine production. Presently, there is increasing pressure on producers to use water in a more environmentally friendly way. If winery wastewater could be re-used sustainably, it could also have other benefits, such as a reduction in the energy required for wastewater treatment and an increase in the availability of nutrients. Plant nutrients in the wastewater, such as K + , Ca 2+ and Mg
2+
, could reduce fertiliser requirements, thereby reducing fertilisation costs. In addition, land application of wastewaters can increase soluble and exchangeable forms of K + more rapidly than with conventional inorganic fertilisers, and most of the K + is available immediately . Although it appears that the N load in diluted winery wastewater would be inadequate to supply the grapevine's N requirement, P and K + applied via diluted winery wastewater should be adequate for a grape yield of c. 10 t/ha .
Although there is extensive literature on the effect of irrigation with wastewaters of various origins on soil chemical properties (Smiles & Smith, 2004; Hulugalle et al., 2006; Walker & Lin, 2008; Duan et al., 2010; Rana et al., 2010; Laurenson, 2010; Lado et al., 2011; Moraetis et al., 2011; Blum et al., 2012; Barbera et al., 2013; Di Bene et al., 2013; Netzer et al., 2014) , there is no information regarding the re-use of winery wastewater diluted to pre-determined levels of chemical oxygen demand (COD) for any crop. The management of winery wastewater by re-using it for crop irrigation was recently reviewed by Howell and Myburgh (2018) . A brief summary of the response of soil chemical properties to winery wastewater irrigation is as follows: In general, there was an increase in soil K + and Na + (Kumar et al., 2006 Mulidzi et al., 2009; Quale et al., 2010; Mosse et al., 2012; Kumar et al., 2014) where winery wastewater was used for irrigation. In a field study in which grapevines were irrigated with simulated winery wastewater, soil Na + levels also increased (Mosse et al., 2013) . In a laboratory study, irrigation with winery wastewater increased soil Na + and K + in a loamy sand, a loam and a clayey soil (Kumar et al., 2006) . In another laboratory study, using winery wastewater for irrigation also increased the soil K + of a deep sand, clay loam and a hard setting sandy loam (Laurenson, 2010) .
Irrigation with wastewaters containing high levels of K + , such as winery wastewater, could be beneficial to overall soil fertility, although long-term application could have negative effects on soil chemical and physical properties (Smiles & Smith, 2004; Kumar et al., 2009; Laurenson et al., 2011; Mosse et al., 2011) . The effects of high K + concentrations on soil properties have not been researched extensively and are still unclear Mosse et al., 2011; Laurenson et al., 2012) . However, the accumulation of monovalent ions in the soil can deteriorate soil structure and hydraulic conductivity, thereby reducing soil productivity (Smiles & Smith, 2004; Kumar et al., 2006; Laurenson et al., 2011) . In addition to K + and Na + , winery wastewater can contain Ca 2+ and Mg 2+ (Mosse et al., 2011) . Neither of the latter mentioned ions are harmful to soil structure and can ameliorate the impacts of Na + via their role in reducing the SAR. However, a matter of potential concern is Na + and Mg 2+ accumulation in surface soils and a subsequent loss of Ca 2+ (Laurenson, 2010) . A literature search revealed that the effect of irrigation with winery wastewater on soil P is not well documented. With respect to P, Mulidzi et al. (2009) reported that land application of undiluted winery wastewater increased soil P, but that the P in the different soil horizons fluctuated throughout the season.
The objective of this study was to determine the effect of irrigation with winery wastewater diluted to eight different levels of COD on the soil chemical status of a sandy, alluvial vineyard soil in order to determine a possible threshold concentration for sustainable use.
MATERIALS AND METHODS

Experimental design and layout
The field trial was carried out in a micro-sprinkler-irrigated Cabernet Sauvignon/99 Richter vineyard in the Breede River Valley region of South Africa. The locality is at 33° 41′ latitude and has a Mediterranean climate. Based on the growing degree days from September until March (Winkler, 1962) , the specific locality is in a class V climatic region for wine quality potential (Le Roux, 1974) . According to the Köppen-Geiger climate classification, the Rawsonville climate is classified as a Csa, which means that the region has a temperate climate with hot, dry summers (Peel et al., 2007) . The vineyard is located on an alluvial flood plain of the Du Toit's Kloof mountains. The sandy soil, i.e. less than 5% clay, belongs to the Longlands form (Soil Classification Working Group, 1991) . The soil was deep-delved to 1.0 m before planting. Grapevines were planted at 2.4 m × 1.2 m and trained onto a four-strand lengthened Perold trellis (Booysen et al., 1992) . Vertical shoot positioning was carried out to prevent shoots from sprawling into the work rows. Irrigation using winery wastewater diluted to 100, 250, 500, 1 000, 1 500, 2 000, 2 500 and 3 000 mg/L COD was compared to irrigation using river water abstracted from the Holsloot River. All treatments were replicated three times in a randomised block design. Experiment plots comprised two rows of six grapevines each, with two buffer grapevines at each end and a buffer row on each side. Each experiment plot covered 104 m 2 . Treatments were applied from 2009/2010 until 2012/2013. In the 2009/2010 season, it was only possible to apply the diluted wastewater treatments after harvest due to completion of the infrastructure. Details of the irrigation infrastructure and dilution procedures , as well as an assessment of the water quality and nutrient load of the diluted winery wastewater, were reported previously .
The diluted wastewater treatments were applied from mid-February, when high volumes of wastewater became available from vintage processes. Grapevines were irrigated at c. 50% plant available water (PAW) depletion. Irrigation had to be applied every two weeks to maintain this PAW depletion level. Irrigations were stopped either in mid-April or at the beginning of May each year, when the wastewater volumes decreased and the first winter rains fell. Water meters were used to monitor the irrigation volumes applied to each treatment. Grapevines in all treatments received the same volume of water per irrigation. In addition to standard viticultural practices, measures were taken to prevent erinose mite infestation in the vineyard. This consisted of a lime sulphur spray prior to bud break, as well as three additional sprays of MicroThiol™.
After an evaluation of the soil mineral status at bud break, i.e. mid-September, K + fertilisation was applied in all three seasons at a rate of 30 kg K + per ha. In 2010/2011, KCl was applied to all treatments in the middle of November. However, in the 2011/2012 season, 30 kg K + per ha was only applied to T1 to T6 in the middle of December. The soil K + content of T7, T8 and T9 was deemed sufficient for the grapevines. In the 2012/2013 season, K + fertilisation was applied to all plots in December. An interception crop of Pennisetum glaucum (pearl millet) was cultivated in the work rows in summer to intercept salts applied via the diluted winery wastewater. It produced 10.4 ± 0.8, 6.0 ± 1.0 and 6.4 ± 0.9 t/ha dry matter for the 2010/2011, 2011/2012 and 2012/2013 seasons respectively (Fourie et al., 2015) . A winter cover crop of Avena sativa L. cv. Pallinup (oats) was cultivated in the 2009/2010, 2010/2011, 2011/2012 and 2012/2013 seasons and produced 5.4 ± 0.3, 4.7 ± 1.0, 6.7 ± 1.2 and 7.5 ± 1.1 t/ha dry matter respectively (Fourie et al., 2015) . The foliage of the interception crop was slashed and removed in the beginning of March and third week of April, and that of the cover crop at the end of August.
Soil chemical status
Soil samples were collected using an auger in August 2009 before the trial commenced to determine the baseline chemical status before treatments were applied. Samples were taken over 30 cm increments to a depth of 1.8 m. After the first season of wastewater application, in May 2010, soil samples were collected over the same depth increments in the work rows of all experiment plots. Soil from each of the three replications of each treatment was pooled for analysis. Soil samples were also collected at bud break in October 2010, September 2011 and September 2012 in the work rows of all plots. Soil from the three replications of each treatment was also pooled for analysis. In April 2011, soil samples were collected from each of the three replications of the river water control (T1), as well as from where winery wastewater was diluted to 250 (T3), 1 000 (T5), 2 000 (T7) and 3 000 mg/L COD (T9). The samples were collected c. one week after the end of the wastewater application. In order to determine possible differences in the soil chemical properties within the vineyard due the water distribution pattern of the irrigation system, samples were taken in the work row and in the grapevine row. In contrast to soil samples taken in early May 2010, no rain occurred in the period preceding the collection of these samples. The same procedure was followed for samples collected after the wastewater application had stopped in May 2012 and 2013. At the end of the trial in September 2013, soil samples were collected in the work rows of all the experiment plots over 30 cm increments to a depth of 3.0 m using an extended soil auger.
All samples were analysed by a commercial laboratory (Bemlab, Strand). Soil pH (KCl) was measured in 1 M KCl. Electrical conductivity of the saturated extract (EC e ) was determined in a US Bureau of Standards cup. To determine the exchangeable acidity of the soil, Al 3+ and H + were extracted with 1 N of KCl and titrated to the end point with NaOH (0.01 M). The acidity was expressed as an equivalent of H + in cmol (+) /dm 3 soil (The Non-Affiliated Soil Analyses Work Committee, 1990). The Bray No. 2 method, i.e. extraction with 0.03 M NH 4 F in 0.01 M HCl, was used to determine P and K + . The P and K + concentrations in the extract were determined by inductively coupled plasma optical emission spectrometry (ICP-OES) using a spectrometer (PerkinElmer Optima 7300 DV, Waltham, Massachusetts). The Ca 2+ , Mg 2+ , K + and Na + were only extracted with 1 M of ammonium acetate at pH 7, and their concentrations in the extract were determined by ICP-OES using a spectrometer (PerkinElmer Optima 7300 DV). Since the amounts of soluble cations were not determined, the amount of exchangeable cations, which is the extractable minus the soluble amounts (Richards, 1954) , could not be calculated. Therefore, the cation exchange capacity (CEC) could not be calculated. Due to the tedious process of determining the exchangeable cations and CEC, most South African laboratories only determine extractable cations (Conradie, 1994) . Therefore, most laboratories calculate the sum of the extractable cations to obtain an estimated CEC, which is also referred to as the S-value. Given the abovementioned, the exchangeable potassium percentage (EPP) and exchangeable sodium percentage (ESP) of the soil could not be calculated. However, the extractable potassium percentage (ExPP) was calculated as follows:
where K + is the extractable potassium (cmol (+) /kg) and S is the S-value (cmol The extractable sodium percentage (ExSP) was calculated as follows:
where Na + is the extractable sodium (cmol (+) /kg) and S is the S-value (cmol (+) /kg), i.e. the sum of the Ca The designation ExPP is used so as not to confuse extractable potassium percentage, which includes both adsorbed K + and K + in solution, with EPP. Likewise, the designation ExSP is used so as not to confuse extractable sodium percentage, which includes both adsorbed Na + and Na + in solution, with ESP. Total organic C contents were determined using the method described by Walkley and Black (1934) .
Statistical analysis
Linear regressions were calculated using STATSGRAPHICS® version XV (StatPoint Technologies, Warrenton, Virginia, USA).
RESULTS AND DISCUSSION
Soil pH, H
+ and EC e After wastewater application, there were no clear trends in soil pH (KCl) that could be related to the different dilution levels of winery wastewater compared to the river water control (data not shown). Similarly, there was no change in soil pH where winery wastewater was used for the irrigation of soil with a clay content of 50% to 60% (Quale et al., 2010) . In contrast, soil pH (H2O) of a silty clay loam soil that received solid and liquid winery waste for 30 years tended to increase compared to soil to which no waste was applied (Mosse et al., 2012) . In two case studies where pastures and a vineyard were irrigated with winery wastewater, soil pH also increased (Kumar et al., 2014) . In the latter study, it seemed that irrigation with winery wastewater actually caused a decrease in soil pH when the results were compared to the results of a historical dataset of soil chemical properties. In a laboratory study in which mains water, municipal wastewater and winery wastewater was used for irrigation of a sand, loamy sand and sandy loam, there was an increase in soil pH (1:5) (Laurenson, 2010) . However, it should be borne in mind that the pH of the winery wastewater in that particular study was 8.5. There have also been conflicting reports of either an increase or decrease in soil pH (Laurenson et al., 2012 and references therein) . It was suggested that these changes in soil pH can be related to the characteristics of the wastewater. If wastewaters contain high concentrations of bicarbonate, application to soils will increase pH, whereas acidic wastewaters could reduce soil pH.
Where winery wastewater was diluted to 3 000 mg/L COD, soil pH (KCl) increased from May (autumn) to bud break (Fig. 1) , in fact, is so limited that it results in a soil having only a mildly alkaline reaction. In the present study, excessive soil K + after wastewater application, in conjunction with the relatively high winter rainfall in this region, induced alkaline hydrolysis, thereby increasing soil pH (KCl) at bud break. This does not rule out the possibility of the dissociation of organic acids. The cations in the diluted wastewater were probably present in the form of organic salts. These salts can produce OH -anions via decarboxylation, which will increase the soil pH (Rukshana et al., 2011) . Organic acids present in the wastewater may also be a source of organic anions via the dissociation of H + , which can increase the soil pH via decarboxylation. If this happens, the soil might initially contain more H + , but the pH will increase over time as more OH -is formed (Rukshana et al., 2011) .
Baseline values for pH (KCl) were 5.3 and 4.7 for the 0 to 90 cm and 90 to 180 cm soil layers respectively (Tables 1  & 2) . Soil pH (KCl) levels remained similar to baseline values until the end of the trial in September 2013, when the soil pH (KCl) in both the 0 to 90 cm and 90 to 180 cm layers tended to be lower than the baseline values. In particular, the pH (KCl) in the 90 to 180 cm layer tended to be below the norm of 5.0 to 7.5 recommended by Saayman (1981) for optimal grapevine growth. However, under the prevailing conditions, visual observations indicated that there were no adverse effects of low sub-soil pH on grapevine performance. /kg for the 0 to 90 cm and 90 to 180 cm soil layers respectively (Tables 1 &  2) . At the end of the trial in September 2013, H + in the 0 to 90 cm layer was similar to the baseline value, whereas H + in the 90 to 180 cm layer was slightly higher than the baseline value.
There were no clear trends in soil EC e that could be related to the different dilution levels compared to the river water control (data not shown). However, EC e was considerably higher after wastewater application compared to EC e at bud break (Table 1) . This suggests an accumulation of salts during the grapevine-growing season -mainly due to irrigation with diluted winery wastewater, which contains salts (Laurenson et al., 2012) . Although there were no consistent trends with regard to EC e in April 2011, EC e was more than double that in May 2010 (Table 1) . This difference can be attributed to the heavy rainfall in May 2010, before the soil was sampled. In a laboratory study, soil EC (1:5) was not affected by irrigation with either mains water, municipal wastewater or winery wastewater regardless of soil type (Laurenson, 2010) . Similarly, in another laboratory study, the soil EC of a loam and loamy sandy soil did not respond to winery wastewater irrigation (Kumar et al., 2006) . However, soil EC was higher where woodlots were irrigated with winery wastewater compared to a control . In the present study, in September 2013, i.e. at the end of the trial, EC e in the 0 to 90 cm soil layer was similar to the baseline values, whereas the EC e in the 90 to 180 cm layer was slightly higher than the baseline values (Table 1) . Therefore, under the prevailing conditions, irrigation using diluted winery wastewater did not cause a long-term accumulation of salts in the soil. However, this does not rule out the possibility that winter rainfall could have leached salts beyond the measured depth. These results confirm the necessity for sufficient rainfall to reduce soil EC e where winery wastewater, which is known to contain high Na + and K + levels, is used for irrigation. Furthermore, the results emphasise the importance of irrigating only where the grapevine roots occur, i.e. within the root zone. In heavier textured soils, or in regions with lower winter rainfall, less effective leaching is more likely to result in greater salt accumulation, and consequently higher EC e . During simulated rainfall cycles in a laboratory study, the drainage water EC was substantially higher than that of the input rainwater (Laurenson, 2010) , which indicated that there was a net loss of salts during rainfall. These results emphasise the importance of regular rainfall cycles to reduce high soil EC e , especially where municipal wastewater and winery wastewater, which contain high levels of salts, are used for irrigation.
Phosphorus (Bray II)
On average, the soil contained 114 mg/kg, 135 mg/kg and 153 mg/kg Bray II-P in the 0 to 90 cm layer in the vine rows after wastewater application in the 2010/2011, 2011/2012 and 2012/2013 seasons respectively (Table 2) . These values are substantially higher than the norm of 20 mg/kg P for sandy soils (i.e. ≤ 6% clay) based on Bray II extraction for soils with a pH (KCl) of 5.5, as proposed by Conradie (1994 (Table 2) . These values were also higher than the norm for sandy soils. Since the grapevines would have absorbed only a small fraction of the available P, the steady incline in the profile over time probably reflected the P applied via wastewater irrigation, as well as the 40.5 kg P applied for the cover crops on 30 March 2010 and 30 November 2011. A perusal of the data revealed that soil Bray II-P in the 0 to 30 cm layer of the work rows increased linearly as the P applied via the diluted winery wastewater increased, particularly in the 2011/2012 and 2012/2013 seasons (Fig. 2) . The P in the 0 to 30 cm layer of the grapevine rows showed a similar trend (data not shown). However, this trend did not occur in the deeper soil layers. This suggests that the attenuation of P occurred only in the top 30 cm of this sandy, alluvial soil, which contained only c. 3.3% clay. There were no further relationships between soil Bray II-P in the sub-soil layers of both the work and vine rows and P applied via the diluted winery wastewater under the prevailing conditions (data not shown).
Baseline values for soil Bray II-P were 153 mg/kg and 29 mg/kg for the 0 to 90 cm and 90 to 180 cm soil layers respectively. Although soil Bray II-P in the 0 to 90 cm layer was substantially lower than the baseline values, P levels in the 90 to 180 cm layer were similar in September 2013 (Table 1) . Since the amount of P applied via diluted winery wastewater appears to be generally low and would only sustain a grape yield of c. 10 t/ha, the application of P fertilisers will probably still be necessary to ensure an adequate supply for the vines.
Potassium (Bray II)
Soil Bray II-K increased linearly with a decrease in wastewater dilution (Fig. 3) . This was expected, since the additional K + applied via the diluted winery wastewater ranged, on average, from 6.6 kg/ha/year for the river water control (T1) to 177.3 kg/ha/year for the lowest level of dilution (T9). Furthermore, the additional K + applied via the diluted winery wastewater was applied in the postvéraison period of the grapevine. Most of the K + uptake by the grapevine takes place prior to véraison, with almost no uptake from five weeks after harvest (Conradie, 1981) . In particular, there was a good correlation between soil Bray II-K in the 0 to 30 cm layer of the work rows and the amounts of K + applied via the diluted wastewater (Fig. 3A) . In the 2011/2012 and 2012/2013 seasons, soil Bray II-K in the 30 to 60 cm soil layer responded to the amount of K + applied via the diluted winery wastewater (Fig. 3B) . With the exception of 2011/2012, there were no clear trends with regard to soil Bray II-K in the 60 to 90 cm as well as in the 90 to 120 cm soil layer and the amount of additional K + applied via the diluted winery wastewater (Figs. 3C & D) .
Similar results were observed in the grapevine rows (data not shown). It should be noted that the magnitude of the soil Bray II-K in the work and grapevine rows was similar, except that the soil Bray II-K in the 60 to 90 cm layer in the vine row responded better to wastewater dilution levels than in the work rows. Similar results with regard to an accumulation of soil K + in response to irrigation with winery wastewater have been reported previously (Mosse et al., 2012) . Likewise, soil surface K + increased where winery wastewater was used for the irrigation of soil typical of the South Eastern Australia Riverine plains for three years (Quale et al., 2010) . However, there were no changes in sub-soil K + due to slow mobility of K + in the soils, which contained c. 50% to 60% clay. Soil K + levels 1 1 FIGURE 2 Effect of P applied via diluted winery wastewater on soil Bray II-P contents in the 0 to 30 cm layer in the work rows of a vineyard in a sandy soil near Rawsonville measured after wastewater application over two seasons.
were also higher in vineyards that were irrigated with winery wastewater compared to control vineyard soils (Kumar et al., 2006) . Furthermore, land application of wastewaters can increase the levels of soluble and exchangeable forms of K + more rapidly than conventional, inorganic fertilisers . In the only field study of its kind, in which simulated winery wastewater was used for vineyard irrigation, the addition of wine to the wastewater enhanced K + movement to the sub-soil. Although the fate of K + in soils and grapevines irrigated with winery wastewater has received limited attention (Laurenson et al., 2012) , it is almost certain that high soil K + could lead to an increase in K + uptake by grapevines. This could have negative consequences on grapevine responses, such as musts with high pH and malate concentrations, and poor colour (Jackson & Lombard, 1993; Mpelasoka et al., 2003; Kodur, 2011) . However, the effect of soil K + on K + concentrations in the must is often negligible, unless excessive amounts are applied (Jackson & Lombard, 1993) .
When the winter rainfall was higher than the average of 300 mm, i.e. in the 2011/2012 and 2012/2013 seasons, soil Bray II-K in the 0 to 30 cm soil layer at bud break was substantially lower than after wastewater application, particularly where winery wastewater was diluted to 2 000 mg/L COD and higher (data not shown). However, in 2010 and 2011, when there was much less winter rain, soil Bray II-K levels at bud break were similar to the levels after wastewater application. Furthermore, soil Bray II-K where winery wastewater was diluted to 2 000 mg/L and higher was such that these treatments did not require any K fertilisation in the 2010/2011 season. With regard to deeper soil layers, there was less soil Bray II-K in the 30 to 60 cm and 60 to 90 cm soil layers at bud break during the wetter winters compared to after wastewater application. In contrast, there were no differences in soil Bray II-K at bud break in the drier winters compared to after wastewater application. However, it should be noted that, in the 2010/2011 season, there was, in fact, an accumulation of soil Bray II-K at bud break in the 30 to 60 cm and 60 to 90 cm soil layers. Although there is no explanation for this trend, it could be possible that the roots of the pearl millet interception crop absorbed K + during wastewater application. Due to favourable, dry winter conditions, the roots of the interception crop mineralised, releasing K + . However, rainfall was too low to leach away the K + . This indicates insufficient leaching under the prevailing conditions. It should be noted that the quantification of the interception crop root mineralisation was beyond the scope of the study. With the exception of the 0 to 30 cm soil layer, it was evident that the heavy winter rainfall (408 mm) negated treatment differences with respect to soil Bray II-K at bud break in September 2013 (Fig. 4) . This implies that the heavy winter rainfall probably leached K + from the soil profile, and this was substantiated by the mineral analysis of soil samples collected with a modified soil auger from deeper than 180 cm. At the end of the trial in September 2013, soil Bray II-K levels in the 0 to 30 cm soil layer, where winery wastewater was diluted up to 2 000 mg/L COD, were lower than the baseline value. In contrast, where winery wastewater was diluted to 3 000 mg/L, baseline levels were maintained in the 0 to 30 cm soil layer. Therefore, under the prevailing conditions, using winery wastewater diluted to 3 000 mg/L COD was beneficial with regard to soil K + status. (Conradie, 1994) . The ExPP in the 0 to 30 cm soil layer could consistently be related to the amount of K + applied via the diluted winery wastewater (Fig. 5) , and values were near the upper threshold of the recommended norm (Conradie, 1994) . This implies that, if even more K + is applied to the soil via diluted winery wastewater, excessive K + could accumulate, causing even higher ExPP. Depending on the timing of the wastewater applications, there is the risk that the excessive K + could be applied when the grapevine is actively absorbing K + in the post-véraison period (Conradie, 1981) . In the case of red wine production, this could cause high wine pH and wine instability (Mpelasoka et al., 2003; Kodur, 2011) .
Soil Ca 2+ and Mg 2+ did not show any consistent trends with respect to the different levels of wastewater dilution (data not shown). The lack of response could be expected, since there were no substantial differences with regard to the amounts of additional Ca 2+ and Mg 2+ applied to the vineyard via the diluted winery wastewater. Similar results for soil Ca 2+ were also reported where winery wastewater was used for irrigation (Quale et al., 2010) . However, in that particular study, soil Mg 2+ tended to decrease. In the present study, baseline values for Ca 2+ were 1.72 cmol (+) /kg and 0.30 cmol (+) /kg for the 0 to 90 cm and 90 to 180 cm soil layers respectively (Tables 1 and 2) . Baseline values for Mg 2+ were 0.80 cmol (+) /kg and 0.17 cmol (+) /kg for the 0 to 90 cm and 90 to 180 cm soil layers, respectively. At bud break in September 2013, soil Ca 2+ and Mg 2+ were similar to these baseline values. This confirms that the irrigation of vineyards with diluted winery wastewater is unlikely to be beneficial with regard to an increased Ca 2+ and Mg 2+ supply for grapevines. In addition, if applied in such small amounts, these elements will not be able to counter the negative effects of high levels of Na + applied via diluted winery wastewater. Work row soil Na + in the 0 to 30 cm as well as the 60 to 90 cm soil layers increased linearly with a decrease in wastewater dilution, i.e. with an increase in the COD level of the irrigation water (Figs. 6A & 6C) . This was expected, since the additional Na + applied via the diluted winery wastewater ranged, on average, from 37.6 kg/ha/year for the river water control to 92.6 kg/ha/year for the lowest level 1 1 FIGURE 4 Soil Bray II-K contents over 3 m depth measured near Rawsonville in September 2013. Dashed vertical lines indicate the optimal norm for Bray II-K in alluvial soils of the Breede River Valley (Conradie, 1994) .
of dilution. It should be noted that the Holsloot River had a relatively high Na + . At this stage, there is no explanation for why soil Na + levels in the 30 to 60 cm soil layer did not respond consistently to the different levels of dilution compared to the 0 to 30 cm as well as the 60 to 90 cm soil layers. Several studies have also reported an increase in soil Na + in response to irrigation with wastewater (Mosse et al., 2012) . In a field study in which grapevines were irrigated with simulated winery wastewater, soil Na + levels increased in the 0 to 20 cm as well as the 20 to 40 cm soil layers (Mosse et al., 2013) . At bud break, soil Na + in the 0 to 30 cm soil layer was consistently lower than after wastewater application (data not shown). Likewise, when winters were wetter, the soil Na + in the 30 to 60 cm and 60 to 90 cm soil layers were lower at bud break compared to after wastewater application. However, when winters were drier, i.e. in 2010 and 2011, these trends were not consistent in deeper soil layers. Therefore, when winter rainfall was higher, there was sufficient leaching to remove the Na + from the root zone. However, the redistribution and accumulation of Na + in the root zone during the drier winters is a cause for concern. After the heavy rainfall in the winter of 2013, the Na + levels of T1, T3 and T5 were lower than the baseline values (Fig. 7) . Soil Na + for the lowest level of dilution at the end of the trial, i.e. winery wastewater diluted to 3 000 mg/L COD, was not substantially more than that of the river water control. Therefore, under field conditions, using diluted winery wastewater for vineyard irrigation did not have any long-term negative consequences on soil Na + . However, for a heavier textured soil or where rainfall is substantially less than that of the Breede River Valley, the accumulation of Na + in the soil could be more prominent. In general, the ExSP did not exceed the critical threshold of 15% for sustainable agricultural use (Laker, 2004; Seilsepour et al., 2009 ).
Organic C There were no consistent trends with regard to soil organic C that could be related to the level of dilution of the winery wastewater (data not shown). This indicates that the organic C content of the diluted wastewaters was still too low to have a positive effect on soil fertility. It is also possible that organic material in the diluted wastewaters, which could have led to an accumulation of organic soil C, decomposed when the soil was aerated between irrigations. In contrast, Kumar et al. (2009) report that the higher organic C content of winery wastewater results in an increased total organic C content in soils irrigated with such wastewater. In the present study, baseline values for C were 0.74% and 0.44% for the 0 to 90 cm and 90 to 180 cm soil layers, respectively. At the end of the trial, in September 2013, soil C was 0.67% and 0.41% for the 0 to 90 cm and 90 to 180 cm soil layers respectively (Table 1) . These levels were similar to baseline values.
CONCLUSIONS
Where diluted winery wastewater was used for the irrigation of a vineyard in a sandy, alluvial soil, there was a consistent increase in soil Bray II-K after wastewater application. The increase in soil Bray II-K was linearly related to the additional amounts of K + applied via the diluted winery wastewater. Soil K + increases could have a negative impact on wine colour stability, should it be taken up by the grapevine in sufficient quantities, particularly if soil K + accumulates to such an extent that it is luxuriously absorbed by grapevines, which was not the case in the current experiment. Soil Ca 2+ and Mg 2+ did not respond to levels of dilution of the winery wastewater. This was probably due to their low levels in the diluted winery wastewater. Soil Na + also increased linearly as the level of wastewater dilution decreased, particularly FIGURE 5 Effect of K + applied via diluted winery wastewater on soil extractable K + percentage (ExPP) in the 0 to 30 cm layer in the work rows of a vineyard in a sandy soil near Rawsonville measured after wastewater application over three seasons. Dashed horizontal line indicates the critical ExPP threshold for grapevines (Conradie, 1994) . in the topsoil. In heavier textured soils, or in regions with lower winter rainfall, soil K + and Na + could accumulate to levels at which they could impact negatively on soil physical conditions or grapevine growth and yield. In addition, natural water resources could be polluted with these elements during the winter. Changes in cation ratios due to the accumulation of K + and Na + . with no consequent increase in Ca 2+ and Mg 2+ , could be detrimental in terms of soil physical properties. It should be noted that the results represent a specific in-field situation, i.e. in the presence of rainfall and crops. The study only addressed the suitability of using winery wastewater for the irrigation of grapevines in a sandy soil under one set of climatic conditions. Future research should focus on the use of winery wastewater for the irrigation of different soil types in different climatic regions.
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